of ventilation, heart rate, and gas exchange: Sinusoidal and impulse work loads in man," J. App!. Physiol.: Respirat. Environ. Exercise Physiol., vol. 48, pp. 289-301, 1980. [6] F. P. Torres, B. J. Whipp, S. N. Steen, and K. Wasserman, "A sinusoidal load generator for use in cycle ergometry," J. AppL. Physiol., vol. 38, pp. 555-557, 1975. [7] 0. Wigertz, "Dynamics of ventilation and heart rate in response to sinusoidal work level in man," J. AppL. Physiol., vol. 29, pp. 208-218, 1970. [ Abstract-Automated classification of ECG patterns is facilitated by careful selection of waveform features. This paper presents a method for evaluating the properties of features that describe the shape of a -QRS complex. By examining the distances in the feature space for a class of nearly similar complexes, shape transitions which are poorly described by the feature under investigation can be readily identified. To obtain a continuous range of waveforms, which is required by the method, a mathematical model is used to simulate the QRS complexes.
I. INTRODUCTION
In automated ECG monitoring, classification of abnormal waveforms is of fundamental interest. In many systems this classification is based on a number of features extracted from the ECG [ 1] - [ 3 ] . Unpleasant results are likely if the features give a bad description of the ECG [4] . Small against the properties of more complicated ones. This is of great interest since "the ultimate objective is to obtain a pattern space consistent with low dimensionality, retention of sufficient information and enhancement of distance in pattern space . . . [5] .
A [3] and [6] - [12] . This paper describes a method which employs simulated ECG data to evaluate features describing the shape of a QRS complex. We define the complexes qO(t) and q1(t) to have the same shape if and only if qo(t) = aq I (ot + r) (1) for some ae> 0, 1> 0, and T. Thus, according to our definition, the shape of a complex is invariant for a change in amplitude (a), width (13) , and reference time (T). This property is illustrated in Fig. 1 where three different complexes with equal shape are shown. Furthermore, we define a shape feature as any functional (q (t)) which is invariant for a change in amplitude, width, and reference time, i.e., r(q(t)) = r(aq (O t +T)) a,:> O. (2) In order to investigate the properties of a shape feature, distances in the feature space between a reference complex and a class of complexes with nearly similar shapes are examined. To determine this class, a measure of dissimilarity is defined which describes the dissimilarity in shape between two QRS complexes as a modified mean-square difference. We expect that for complexes which deviate by the same amount from the reference complex, according to this measure, a negligible variation of the corresponding distances in the feature space should be found. Thus, a linear combination of three orthonormal basis functions 1i(t), 2 q () Eai Oi(t), (3 ) i=0 seems appropriate for modeling most QRS complexes seen in normal individuals.
To simplify the model, the most significant basis functions as described in [6] , [71 are approximated by the set of orthonormal functions defined by
The parameter b determines the width of the QRS complex. These functions, shown in Fig. 2 
III. A MEASURE OF DISSIMILARITY-AE
Suppose we have two complexes q0(t) and ql(t) which are both given by (3), corresponding to some (up, 4) and ((p + AQp, 4 + A 4'), respectively. To measure the dissimilarity in shape between q0(t) and ql(t), we use the normalized mean-square difference, or in other words, the energy of the difference between the complexes normalized with the energy of q0(t). Since the energy of q0(t) was made 1, the measure is defined by AE = 0o I q1(t) -qo(t)12 dt.
(7)
Despite the fact that the complexes q0(t) and q I(t) are generated from (3) with the same width parameter b and the same energy, a lower AE may result from varying the amplitude, width, and reference time of one of the complexes. Hence, we redefine (7) such that the measure of dissimilarity is given by AE= min Iaeq1(Ptt+r)-qo(t)12 dt, Cisp,,X 0 (8) i.e., we determine those parameter values aM, OM, and TM which minimize AE. To do this, we take the partial derivatives of AE with respect to each parameter and set these derivatives equal to zero. Since the integrands of AE and its derivatives are continuous functions, the differentiation can be performed without problems. Another way to reduce the influence of the amplitude, width, and reference time is to normalize both q0(t) and q1 (t) with-respect to a1, j3, and r [ 13] . (10) where the notation r(q1) denotes that the shape feature is computed for the complex qj. In order to obtain a description of the properties of r for complexes spread over the entire sphere, the class {qj} may be determined. for reference complexes q(vpo, P0) where O0 <po <3600 and-900 -<.0 S<900. However, due to the above choice of the QRS model and AE, it is sufficient to consider the area 00 <~p o < 900 and -900 < 4O < 90. Classes outside this area are obtained by one of the three reflections: change of polarity, and/or reversion of the time scale.
IV. EUCLIDEAN DISTANCES FOR
Since r is to be used for classification purposes, it is of interest to study the behavior of r when representing complexes with minor variation in shape. By choosing the constant C in (9) such that the variation within the class is of the same order as the beat-to-beat variation for a QRS complex, information may be gained about this behavior. Fig. 4 shows a choice of the class {q1} where the reference complex is plotted in the center.
To obtain a description of the distances dj(epo, 40, Oj) for a class, we use the mean [ 14] for ]A and rB. where c-6 F 6 c+. Since the points c and c+ "coincide" (see V. EVALUATION OF A ONE-DIMENSIONAL SHAPE FEATURE-AN EXAMPLE To illustrate the use of the method, we will describe and evaluate a feature with a simple structure, representing the QRS shape with a scalar. In the search for such a one-dimensional representation, certain attributes of the shape must be treated as being of minor importance. Otherwise, it appears almost impossible to gather all relevant information about the shape in a scalar. To overcome these difficulties, we formulate the problem as one of finding a representation which is able to describe the transition between mono-and biphasic complexes (see Fig. 5 ). Thus Fig. 7 ). We may conclude that rA best describes predominantly biphasic complexes (see Fig. 7 (b) for 4 11<700).
The results demonstrated the inability of rA to represent symmetric triphasic complexes. In order to fit such complexes into the representation in Fig. 5 , we must modify the shape feature considerably. This could be done by preserving the asymmetric component of the complex, e.g., to let a symmetric triphasic complex be represented as a monophasic one. This transformation is exemplified in Fig. 8 . The peaks M1 and M3 are then shrunk until one peak equals zero and the magnitude of the other one equals the difference between M1 and M3. When using this modified sequence, we denote the resulting feature with rB. The results from the evaluation of rB are shown in Figs. 6 and 7 (dashed line). It should be observed that the jittering for symmetric complexes is substantially smaller when using rB instead of rA.
VI. CONCLUSIONS
A method for describing properties of shape features has been presented. Essentially, the method embraces three different concepts: a model for generating QRS complexes, a measure for the dissimilarity in shape between different complexes, and the examination of distances in the feature space. Linear combinations of a number of basis functions model the QRS complexes. However, by choosing functions different from the ones in this paper, QRS morphologies of special interest may be studied. The method may possibly be extended to the evaluation of features which, e.g., describe the reference time or the width of a QRS complex, provided that a suitable measure of dissimilarity is defined. The use of the method is illustrated by means of a simple shape feature, in this case revealing an inability of the feature to represent symmetric triphasic complexes.
